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Optical and magneto-optical properties ofRFe2 „RÄGd,Tb,Ho,Lu… and GdCo2

S. J. Lee, R. J. Lange, P. C. Canfield, B. N. Harmon, and D. W. Lynch
Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011

~Received 26 April 1999; revised manuscript received 10 January 2000!

The conductivity tensors of single crystals and polycrystals ofRFe2 (R5Gd,Tb,Ho,Lu) and GdCo2 were
determined in the visible and near UV ranges. The magneto-optical Kerr effect~MOKE! was studied at
different temperatures and magnetic fields. The single-crystal data show more features and larger magnitudes
in the MOKE spectrum than the polycrystalline data under the same experimental conditions. The theoretical
optical conductivity tensors for these compounds were calculated using the tight-binding linear-muffin-tin
orbital ~TB-LMTO! method in the local spin-density approximation. The agreement between theory and ex-
periment was poor except for LuFe2, in which the 4f shell is completely closed.
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I. INTRODUCTION

The electronic, magnetic, and magneto-optical proper
of rare-earth transition-metal intermetallic compounds h
been investigated by many authors due to their usefulnes
technical applications. Among them, the rare-earth2

(RFe2) intermetallic compounds have been attractive
their high Curie temperatures and the simple cubic Lav
phase (C15) crystal structure. Katayamaet al.1 measured the
Kerr rotations of polycrystallineRFe2 (R5Gd,Er,Ho,Dy,
and Tb! using a null-type automatic Kerr spectrometer
room temperature with an applied magnetic field of 1.2
Mukimov et al.2 measured the magneto-optical equator
spectra of polycrystallineRFe2 (R5Gd, Tb, and Er! pre-
pared by arc melting. From these, they derived the o
diagonal optical conductivities for GdFe2 , TbFe2, and
ErFe2. The magneto-optical Kerr effect~MOKE! data in the
present experiments using single crystals show more feat
and larger magnitudes than the polycrystalline data. The
sons for this will be discussed. The theoretical calculation
the magneto-optical properties of magnetic materials
quires accurate self-consistent band-structure calculati
otherwise the wrong interband transitions will predict inco
rect MOKE phenomena. In this work we present calculatio
based on the local spin-density approximation~LSDA! to
density-functional theory. For many itinerant electron s
tems the LSDA works very well, however, it is known
have difficulty with systems containing localized orbitals
highly correlated states. Nevertheless, a comparison betw
experiment and LSDA calculations may be useful in und
standing the limitations of the theoretical models, and in e
cidating structures in the measured spectra when the mo
have validity.

II. EXPERIMENT

Single crystals of GdFe2 , TbFe2 , HoFe2 , LuFe2, and
GdCo2 were grown from the binary melts.3 This growth
technique can be called a self-flux method in that no th
element is used as a flux.4 For example, single crystals o
GdCo2 were grown as follows. A button-shaped sample
polycrystalline Gd0.55Co0.45 was prepared by arc melting un
der Ar on a water-cooled copper hearth. The button w
packed into a Ta crucible and quartz wool was filled abo
PRB 610163-1829/2000/61~14!/9669~8!/$15.00
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the crucible. This assembly was sealed in a quartz tube u
a partial pressure of argon. The sample was heated
1140 °C and cooled from 1140 to 950 °C within 2 h, th
slowly cooled from 950 to 700 °C over a period of 132
The crystal grew during the first cooling step. At 700 °C, t
sample was inverted and spun in a centrifuge, forcing
still-liquid flux out through the quartz wool and leaving th
crystal in the crucible. The quartz wool in the crucible acts
the filter during flux removal. The sizes of the crystals
GdCo2 are typically 23131 mm3. The surfaces of the as
grown single crystals were mirrorlike, so no further surfa
preparation was necessary. Other single crystals ofRFe2 can
be grown similarly.

GdCo2 crystallizes in the cubic Laves phase with the ra
earth atoms arranged in the diamond structure consistin
two fcc structures displaced from each other by one-fourth
a body diagonal. The Co atoms are on sites of rhombohe
symmetry (3̄m), in a tetrahedral arrangement with four rar
earth atoms as next-nearest neighbors. All theRFe2 com-
pounds we measured have this structure.

Polycrystalline samples of GdFe2 and TbFe2 were pre-
pared by arc melting. The surfaces of the polycrystals w
polished with abrasives for the optical measurements,
final grade being a paste of 0.05-mm diameter alumina, then
cleaned with acetone and methanol. Finally, the samp
were dried with dry N2. The crystals are well-defined singl
phases and the lattice constants obtained from x-ray diff
tion patterns are in accordance with previous published d
For the measurement of the diagonal part of the optical c
ductivity, rotating analyzer ellipsometry was employed. E
lipsometry is widely used to study the optical properties
various materials.5 The principle of ellipsometry is based o
the fact that the state of polarization of light is changed
reflection. This change is directly related to the dielect
function of the reflecting material. With ellipsometry on
measures the complex reflectivity ratio,

r5
r p

r s
5Ur p

r s
UeiD5tanCeiD, ~1!

where r p ,r s are the complex amplitude reflection coef
cients forp- ands-polarized light, andC andD express the
change in amplitude and phase betweenp ands components
of polarized light reflected from a surface.C and D are
9669 ©2000 The American Physical Society
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9670 PRB 61LEE, LANGE, CANFIELD, HARMON, AND LYNCH
quantities directly measurable from ellipsometry. This co
plex reflectivity ratior is related to the dielectric functione
by6

e5sin2f +1sin2f +tan2f +F12r

11rG , ~2!

wheref + is the angle of incidence ande andr are complex
quantities. The ellipsometry measurements were done
room temperature in air without an external magnetic fie
For n and k, the relative error is usually 2 –3%, dependi
on sample size and surface quality. For the magneto-op
measurements, a magneto-optical Kerr spectrometer was
ployed, using the polar Kerr geometry, in which the appl
magnetic field is perpendicular to the sample surface
parallel with the incident light beam. The angle of inciden
was less than 4°. The reflection of light at near normal in
dence by a magnetized surface can be described by
Fresnel reflection coefficientsr̃ 65r 6eiD6, where6 repre-
sents right and left circularly polarized light, respectivel6

The definitions of Kerr rotation and ellipticity in terms ofr 6

andD6 are given by

uK52
1

2
~D12D2!,

eK5
ur 1u2ur 2u
ur 1u1ur 2u

. ~3!

An Al reference mirror is used to subtract the Faraday ro
tion due to the optical windows of the cryostat. It show
negligible Kerr rotation and ellipticity between 1 and 5 e
even in high magnetic fields.7 Furthermore, to subtract th
strain birefringence of the windows we need to measure w
both ~positive and negative! field directions because th
strain effect in the windows is independent of magnetic-fi
direction. Therefore the formula used for the Kerr rotati
uK is given by

uK5@~uS
12uM

1 !2~uS
22uM

2 !#/2, ~4!

where6 are positive and negative magnetic fields, and
subscriptsS andM designate the sample and reference m
ror, respectively. The Kerr rotation changes sign under re
sal of the applied magnetic field. The ellipticity«K is deter-
mined in the same way. Each spectrum we reported is
result of four scans taken over a period of typically 4 h. F
the Kerr rotation and ellipticity, the error depends on pho
energy. it is below 0.005° below 4 eV and increases to
proximately 0.05° at 5.2 eV. The principles of the magne
optical Kerr spectroscopy technique used was based on
method of Sato and co-workers.8,9 The MOKE spectromete
and calibration methods are described in detail in Ref. 1

III. THEORY

In the macroscopic description of magneto-optical effec
the optical conductivity tensor and magneto-optical para
eters are related by the Fresnel equations for reflection c
ficients for right and left circularly polarized light. For sma
angles the complex Kerr rotation can be expressed in te
of the complex conductivity tensor components as11
-
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C5uK1 i eK5
2sxy

sxxA11
i4p

v
sxx

. ~5!

From this, we see that the magneto-optical parameters
directly related to the off-diagonal optical conductivitysxy .
The relation between the measured magneto-optical par
eters and the real and imaginary part of the off-diagonal
tical conductivity tensor is given by

s1xy5
v

4p
~2AuK1BeK!,

s2xy52
v

4p
~BuK1AeK!, ~6!

where

A52k313n2k2k,

B52n313k2n1n. ~7!

The experimental values of the optical constantsn andk ~real
and imaginary parts of the complex refractive index! can be
obtained from ellipsometry, and the experimental spectra
s2xy obtained from Eq.~6!. These experimental spectra ma
be compared with the theoretical spectra from self-consis
electronic structure calculations.

For the band-structure calculation, the tight-binding line
muffin-tin orbital ~TB-LMTO! method12 based on the
atomic-sphere approximation~ASA! with the inclusion of
spin-orbit coupling is employed. It is well known that as th
packing ratio of the crystal increases, the accuracy of
band-structure calculation improves for the TB-LMT
method. The structures ofRFe2 (R5Gd,Tb,Ho, and Lu! and
GdCo2 are appropriate for the TB-LMTO method becau
they are closely packed structures with high symmetry. T
4 f electrons of the rare-earth atoms are treated as vale
electrons due to their important contributions to the magn
and electronic structures of the rare-earth transition inter
tallic compounds. The exchange-correlation potential
been included in the local spin-density approximati
~LSDA! with the von Barth–Hedin form.13 The k-integrated
functions have been evaluated by the tetrahedron techn
with 144k points in the irreducible Brillouin zone. Once th
self-consistent potential and charge are obtained, the dia
nal and off-diagonal parts of the optical conductivity can
calculated easily through Kubo’s linear-response theor14

within the one-particle band theory. With this, one obta
the interband contribution to the conductivity tensor. A d
tailed derivation can be found in Wang’s thesis.11 Kubo’s
linear-response theory gives the following forms for the
terband contribution to the conductivity tensor:

s̃xx~v!5
ie2

m2hV
(

k
(
n,l

f ~v l ![12 f ~vn#S upnl
1u21upnl

2u2

2vnl
D

3S 1

v2vnl1 i e
1

1

v1vnl1 i e D , ~8!
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s̃xy~v!5
e2

m2hV
(

k
(
n,l

f ~v l !@12 f ~vn!#S upnl
1u22upnl

2u2

2vnl
D

3S 1

v2vnl1 i e
2

1

v1vnl1 i e D , ~9!

where f (v) is the Fermi distribution function andl ,n stand
for the occupied and unoccupied energy band states at w
vectork, respectively. The momentum operator is expres
by

pW 5pW 1
\

4mc2
sW 3¹W V ~10!

and

pnl
65

1

A2
^nku7px1 ipyunl&. ~11!

pnl
6(k) are matrix elements for the left- and right-circular

polarized components of the momentum operator, resp
tively. In Eq. ~10!, pW is the momentum operator andsW

3¹W V represents the spin-orbit contribution to the matrix
ement. It is well known that in determining the magne
optical effect the spin-orbit interaction, which lifts some
the degeneracies of the energy bands at high symm
points or lines ink space, and the exchange splitting in ma
netic materials play major roles.15 The form of spin-orbit
interaction added to the one-electron Hamiltonian is

HSO5
h

8m2c2p
pW •~sW 3¹W V!, ~12!

where¹W V is the electric field generated by an effective p
tential due to not only all of the other electrons in the sol
but also the nuclear cores, andsW is the Pauli spin operator
The spin-orbit interactionHSO couples the spin-up and spin
down states and doubles the size of the Hamiltonian ma
from that of the scalar-relativistic one-spin Hamiltonian m
trix. In addition, the spin-orbit interaction couples the orbi
angular momentum of the electron to its own spin magn
moment, and causes a reduction in the symmetry of the c
tal. Magneto-optical effects also depend upon exchange
fects accounting for the splitting of the degeneracy
spin-up and spin-down states. Erskine and Stern16 showed
how the spin-orbit interaction and exchange splitting aff
the absorptive part of the off-diagonal conductivity by usi
an atomic picture, while Misemer15 demonstrated this in a
band picture. Note that in Eq.~9!, there may be extensiv
cancellation of terms with opposite signs, andusxyu is typi-
cally of the order of 1% ofusxxu . Thussxy can be a more
sensitive test of the electronic structure thansxx .

IV. RESULTS AND DISCUSSION

The measured absorptive parts of the diagonal opt
conductivity (s1xx) for RFe2 (R5Gd,Tb,Ho,Lu) and
GdCo2 are shown in Fig. 1. Broad peaks were found betwe
2.0 and 3.0 eV for the these compounds. Sharipovet al.17

obtained a similar broad peak between 2.0 and 3.0 eV in
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real part of the diagonal optical conductivity for polycrysta
line GdFe2.

Because the experiment has been conducted in air, ox
tion on the surfaces of the samples cannot be avoided. M
authors18–21 used a three-phase model to study the effect
oxidation on Si and GaAs. Gd and Fe or Co in GdFe2 and
GdCo2 oxidize readily. Gd2O3, FeO, Fe3O4, and Fe2O3
are known, as is GdFeO3. The surface oxide need not be an
of these, but could be an amorphous oxide. A correction
be made if the thickness and refractive index of the overla
are known. A more serious problem is disproportionate o
dation of one of the two metallic elements, for that wou
leave Fe- or Gd-rich regions in the oxide layer or at its
terface with the underlying metal, and these regions co
contribute another component to the off-diagonal opti
conductivity spectra. It appears that the growth of oxide la
ers on GdFe2 and GdCo2 is self-limiting, since the change
in ellipsometric spectra taken on a growth surface da
weeks and months after preparation decrease with ti
However, Lee and Choudhury22 have shown that in GdCo2,
Co precipitates in the oxide, especially if the sample is h
treated.

We have studied the oxide layers of GdFe2 and GdCo2 by
Auger spectroscopy, secondary-ion mass spectroscopy,
x-ray induced photoemission, all as a function of sputter
time with Ar or Ne ions. The three techniques agree that
composition of the oxide is reasonably homogeneo
throughout its depth and that the underlying compound
similarly homogeneous with depth. However, the Co x-r
photoemission spectroscopy spectra show a peak shift
increasing depth in the oxide indicative of more metal
binding; Co precipitates may be present. The sputter time
the interface led to an estimate of 200–500 Å for the ox
thickness. Multiple-angle ellipsometry led to an oxide thic
ness estimate of 300–400 Å for LuFe2 and GdFe2 if the
oxide refractive index is assumed to be that of SiO2.23 For
the study of the effects of oxidation on the off-diagonal o
tical conductivity, Chenet al.’s general expression for th
magneto-optical polar Kerr effect in a bilayer system24,25was
employed by treating the oxide layer onRCo2 as a transpar-

FIG. 1. Optical frequency dependency of the real parts of
diagonal optical conductivity for HoFe2 , TbFe2 , GdFe2 , GdCo2,
and LuFe2, measured at room temperature.
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9672 PRB 61LEE, LANGE, CANFIELD, HARMON, AND LYNCH
ent dielectric with an effective refractive index and thic
ness. Corrections for several assumed thicknesses of o
overlayer on GdCo2 have been made,26 assuming the refrac
tive index of the oxide is that of SiO2. The corrections in-
crease the magnitude ofs1xx, but do not alter the structure
appreciably. However, ins2xy the positions of peaks shif
upon correction, accompanied by changes in the magnit
the relative changes are more significant than ins1xx.

Figures 2 and 3 show the Kerr rotation and elliptic
measured at room temperature using a NdFe2B14 permanent
magnet with a magnetic field of approximately 0.5 T. A
shown in Figs. 3 and 4, the MOKE spectra are quite dive
The peak positions of the Kerr rotation and ellipticity a
noticeably shifted from each other and fine features are
observed. For LuFe2, the sign of the Kerr rotation and ellip
ticity is negative while those of the others cross from po
tive to negative. This is described in detail in the summ
and conclusions. At room temperature, an applied field
0.5 T yields about 90% magnetic saturation f

FIG. 2. Kerr rotations of single crystals of GdCo2 and RFe2

(R5Gd,Tb,Ho,Lu) measured at room temperature with an app
magnetic field of approximately 0.5 T.

FIG. 3. Ellipticities of single crystals of GdCo2 and RFe2 (R
5Gd,Tb,Ho,Lu) measured at room temperature with an app
magnetic field of approximately 0.5 T.
ide
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so

-
y
f

GdFe2 , GdCo2 , LuFe2 and about 70% for TbFe2 and
HoFe2 from the superconducting quantum interference
vice measurements. At room temperature, they are all fe
magnetic with Curie temperatures between 600 and 800
These data contain no effects of Faraday rotation or st
induced birefringence. The absorptive parts of the o
diagonal optical conductivity (s2xy) for these compounds
are shown in Fig. 4. The magnitude ofs1xx is much larger
than that ofs2xy . The sign ofs1xx is always positive while
that of s2xy can be both positive and negative as shown
Fig. 1. The similar broad peaks ins1xx are shifted away from
each other in the case ofs2xy as shown in Fig. 4. The Ker
rotations of single-crystal and polycrystalline GdFe2, mea-
sured at different temperatures and magnetic fields,
shown in Fig. 5. The solid squares and the solid circles r
resent the Kerr rotations of single-crystal GdFe2 measured at
room temperature with an applied magnetic field of about
T and measured at 7 K with an applied magnetic field of 1.4
T. The Kerr rotation of single crystal GdFe2 measured at
higher magnetic field and lower temperature shows clea
features and a larger magnitude as expected. As show
Fig. 6, the magnetic moment of single-crystal GdFe2 is fully
saturated with an applied magnetic field of 1.4 T at 5 K. W
made polycrystalline GdFe2 by arc melting and polished i
mechanically for the optical measurements. The Kerr ro
tion of a single crystal of GdFe2 crosses from positive to
negative at 3.1 eV while that of polycrystalline GdFe2 re-
mains positive.

The Kerr rotation measured out of the cryostat at ro
temperature with an applied magnetic field of 0.5 T has
Faraday rotation due to the windows and no-strain indu
birefringence due to differential thermal expansion or pr
sure differential on the windows. Kerr rotations measur
inside the cryostat and outside of the cryostat cross zer
the same energy, 3.1 eV, as shown in Fig. 5. This means
the shift of the Kerr rotation due to strain or Faraday rotat
measured inside the cryostat is negligible, i.e., the corr
tions were adequate. The Kerr rotation measured inside
cryostat has a maximum value of about 0.3° at 1.5 eV an

d

d

FIG. 4. Optical frequency dependency of the imaginary parts
the off-diagonal optical conductivity component calculated us
the room-temperature MOKE data shown in Figs. 2 and 3. T
applied magnetic field was 0.5 T.
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minimum value of about20.3° at 3.8 eV, crossing zero a
3.1 eV, while the Kerr rotation measured out of the cryos
has a maximum value of about 0.12° at 1.5 eV and a m
mum value of about20.15° at 3.9 eV, crossing zero at 3
eV. From these comparisons between measurements in
and outside the cryostat, one can see very similar featu
the magnitudes of the Kerr rotation are different due to d
ferent magnitudes of the magnetic fields.

Figure 7 shows the Kerr rotations and ellipticities
single-crystal and polycrystal TbFe2 measured at differen
temperatures and applied magnetic fields. The peak neg
Kerr rotation appeared around 4.6 eV for both samples m
sured at 295 K and 0.5 T, similar to that of Katayama
polycrystalline data.1 For polycrystalline TbFe2 measured at
7 K and 1.26 T, the absolute magnitude of the Kerr rotat
at 4.6 eV is quite similar to that of Katayama1 measured with
polycrystalline TbFe2 at room temperature and 1.2 T. Th
magnitude of the Kerr rotation of the single crystal of TbF2
at 4.6 eV is 0.46° while that of the polycrystal of TbFe2 is

FIG. 5. Kerr rotations of single-crystal and polycrystallin
GdFe2 measured at 7 and 295 K with applied magnetic fields of
and 0.5 T.

FIG. 6. Magnetization measured as a function of applied m
netic field at 5 K. The field was applied perpendicular to the pla
of the specimen.
t
i-

ide
s:

-

ive
a-

n

0.12° measured under the same conditions. The Kerr rota
of the single crystal is almost four times larger than that
the polycrystalline sample. Compared to the Kerr rotation
Katayama, the magnitude and shape are quite similar in
case of the single crystal, even though we applied a sma
magnetic field. There is a small flat shoulder between 2.2
2.8 eV in the Kerr rotation spectrum of TbFe2 of Ref. 1. As
shown in Fig. 7, we can see also a similar feature betw
2.1 and 3.0 eV, but the shoulder is more clear than tha
Ref. 1. In the case of our polycrystalline sample, the K
rotation is smaller than that in Ref. 1, due to smaller appl
magnetic field.

We found that the single-crystal TbFe2 shows a larger
Kerr rotation and more features than the polycrystal un
the same experimental conditions. This result may have s
eral causes. First, mechanical polishing of the polycrys
causes surface strain, so the magnetic domains may be
difficult to align compared to samples with unstrained s
faces. Therefore one can expect a higher magnetic fiel
required to achieve saturation than for an unstrained surf
To relax the strained surface, annealing the sample ma
necessary. However, we found annealing the polycrystal
TbFe2 in vacuum expedited oxidation and grain growth. T
annealed surface lost its luster due to the oxidation or du
grain growth, which caused roughening. Chemical etch
may dissolve one component more than the other com
nent. The surface of the single crystal of TbFe2 grown from
the binary melt is mirrorlike, so no further surface treatme
were necessary to make the surface suitable for optical m
surements. Therefore no surface strain problem arose f
mechanical polishing as for the polycrystal sample. The s
ond factor which may affect the surface quality is oxidatio
While polishing the surface of a polycrystalline sample w
alumina solution, contact with water is unavoidable. Th
may expedite the rate of oxidation. It is known that high
humidity increases the oxidation rate.27 Allen and Connell28

found that oxidation reduces the reflectivity and the po
Kerr rotation of TbxFe12x (x.0.21). Therefore MOKE data
from single crystals are more likely to represent the id

4

-
e

FIG. 7. Kerr rotation and ellipticity data for single-crystallin
and polycrystalline TbFe2 measured using the temperature a
fields indicated in the figure.
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9674 PRB 61LEE, LANGE, CANFIELD, HARMON, AND LYNCH
MOKE spectra of the magnetic materials under investi
tion.

We also measured Kerr rotation and ellipticity of HoF2
at different temperatures and different magnetic fields. F
ure 8 shows the Kerr rotation and ellipticity of a single cry
tal of HoFe2 measured at 7 and 295 K and 0.5 and 1.6
respectively. At 7 K and 1.6 T, the magnetic moment o
single crystal of HoFe2 is about 90% of the saturated ma
netic moment. The negative peak position appeared at 3.7
for both samples. The absolute magnitude of the peak K
rotation of polycrystalline HoFe2 measured1 with an applied
magnetic field of 1.2 T is only 0.17°. Compared to that, t
absolute magnitude of the peak Kerr rotation of the sin
crystal of HoFe2 is 1.1°, six times larger. Even with an ap
plied magnetic field of 0.5 T, the peak Kerr rotation is larg
But the peak position for HoFe2 reported in Ref. 1 for poly-
crystalline specimens is shifted to higher energy by 0.3
compared with our data. This difference might come fro
the effect of oxidation on the surface of the sample, but t
needs to be studied more.

As far as we know, there has been no report on the bre
strahlung isochromat spectroscopy~BIS! or inverse photo-
emission spectroscopy~IPES! spectrum of single crystals o
RFe2 (R5Gd, Tb, and Ho!. The locations of the occupie
and unoccupied 4f levels of bulk Gd metal are28.5 and
3.5 eV with respect to the Fermi level, respectively, fro
PES and IPES data.29 The LSDA calculation of GdFe2 using
the TB-LMTO with spin-orbit interactions included gives th
positions Gd-4f occupied and unoccupied states as23.5 and
1.3 eV with respect to the Fermi level, respectively. T
difference of the occupied states between the experiment
theory based on the LSDA of Gd-4f states are very large
28.5 and23.5 eV, respectively. The LSDA does not tre
the strong correlations of the localized 4f electrons in GdFe2
correctly. The theoreticals2xy of RFe2 (R5Gd, Tb, and
Ho! using the TB-LMTO based on the LSDA are not
agreement with the experimentals2xy , both in magnitude
and spectral shapes due to the incorrect electronic struc
which lead to the wrong interband transitions.10 Figure 9
shows the comparison for the experimental and theore

FIG. 8. Kerr rotation and ellipticity data for single-crystallin
HoFe2 measured using the temperature and fields indicated in
figure.
-

-
-
,

V
rr

e

.

V

is

s-

nd

res

al

absorptive part of off-diagonal optical conductivity fo
HoFe2 and TbFe2 between theory and experiment. The pe
positions and shapes of the experiment spectra do not a
with the results obtained from the TB-LMTO method. Com
pared to the poor agreement between theory and experim
for RFe2 whose 4f shell is open, the magneto-optic spect
of LuFe2 whose 4f shell is closed agreed well with theore
ical spectra obtained using the TB-LMTO scheme. Figure
shows the experimental and theoretical values of the abs
tive part of the off-diagonal optical conductivity (s2xy) of
LuFe2. The theoreticals2xy was obtained from Eq.~9!. For
compounds containing rare earths with a partially filledf
shell the localized 4f states cannot be adequately treat
with the LSDA, and the so-called LSDA1U method, which
explicitly includes the on-site Coulomb interaction amo

e

FIG. 9. Comparison of measured and calculated absorptive
of the off-diagonal optical conductivities (s2xy) for TbFe2 and
HoFe2. A lifetime broadening of 0.5 eV was used and no Dru
contribution was included in the theoretical results.

FIG. 10. Comparison of measured and calculated absorptive
of the off-diagonal optical conductivities (s2xy) of LuFe2. Theoret-
ical values determined from TB-LMTO~solid lines! and experi-
mental results obtained from ellipsometry and Kerr spectrosc
~dotted lines!. A lifetime broadening of 0.4 eV was used and n
Drude contribution was included in the theoretical results.



o
tic

io
pt
ll

te
e
m

e
n
-

iv

ag

s
u

ie
a

a
ti
e

pa
ti

re
e

an

to
s

th

3.2
ng
t

x-
the

t
t

the
the
of

is
ut

trix

he

err

KE
rbit

of

-
the
tal
car-

of
o.
tor

PRB 61 9675OPTICAL AND MAGNETO-OPTICAL PROPERTIES OF . . .
highly correlated localized electrons, seems to offer the p
sibility of an improved description of the magneto-op
spectra.30

V. SUMMARY AND CONCLUSIONS

We have grown single crystals of rare-earth transit
(RT) intermetallic compounds. We have measured the o
cal constants of these samples using a spectroscopic e
someter. By combining the magneto-optical parame
~Kerr rotation and ellipticity! and the optical constants, w
obtained the off-diagonal optical conductivity at room te
perature.

The absorptive parts of the optical conductivities (s1xx)
of RFe2 (R5Ho, Tb, Gd, and Lu! and GdCo2, Fig. 1, have
very similar features, broad peaks between 2.0 and 3.25
Ellipsometry shows little differences due to the differe
number of 4f electrons in theRT2 compounds and the dif
ferent magnetic properties of these materials.

The absorptive part of the off-diagonal optical conduct
ity (s2xy) can be compared directly with the theoreticals2xy
obtained from electronic structure calculations of the m
netic materials. In the case of LuFe2 in which the 4f states
are fully occupied, the theoretical and experimental value
magneto-optical parameters and off-diagonal optical cond
tivity agree well with each other.31 But for otherRFe2 and
GdCo2, where the 4f states are not fully occupied, the 4f
electrons are actively involved in the magnetic propert
and electronic properties of the samples and the LSDA
proach did not give good results.

Compared to the spectrum ofs1xx , the spectrum ofs2xy
~Fig. 4! shows quite diverse features. First,s2xy of LuFe2 is
positive at low energies while those of the other samples
negative. This can be explained from the magnetic proper
of these compounds. In LuFe2, the magnetic moments ar
dominated by Fe because the 4f states of Lu are fully occu-
pied. Therefore the magnetic moments of Fe are aligned
allel to the applied external magnetic field. The magne
moments of the otherRFe2 samples are dominated by ra
earths and the Fe moments align opposite to the applied fi
This means the Kerr rotation inRFe2 contributed by the Fe
character is opposite in sign to that of elemental Fe
LuFe2 due to the ferrimagnetic properties ofRFe2.

Second, the magnitude of the MOKE of GdFe2 is larger
than that of GdCo2, as shown in Figs. 1–3. It may be due
the weaker exchange splitting of Co. The different feature
s2xy , Kerr rotation, and ellipticity of GdFe2 and GdCo2
arise from different exchange splitting and different streng
of the hybridization between Gd and Fe or Co.
ta
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Third, the positions of the broad peaks ins2xy in
HoFe2 ,TbFe2, and GdFe2 are different~Fig. 4!. In the case
of s1xx , the peaks are located around 2.5 eV. But ins2xy ,
the peaks located in the higher energy region are between
and 4.5 eV. The different peak positions amo
GdFe2 , HoFe2 , and TbFe2 could be caused by differen
positions of the occupied and unoccupied 4f states of the
rare earths relative to the Fermi energy.

Because Fe is the common element inRFe2 compounds,
the different features ofs2xy related to MOKE are related to
the different magnitudes of the spin-orbit coupling and e
change splitting of rare-earths and hybridization between
rare-earth bands and the Fe bands. The Fe-3d spin-orbit in-
teraction is common to allRFe2. It is much smaller than tha
of R-4 f and R-5d. Therefore it may not be an importan
factor in generating different magnitudes ofs2xy among the
RFe2 series. The different electronic structures caused by
different hybridization between the rare-earth bands and
Fe bands may play a role in producing different features
s2xy in RFe2 series. One should notice that the MOKE
dependent not only on the spin-orbit interaction itself b
also on the joint density of states and the dipole ma
elements.15

Katayama1 argued that the absolute magnitudes of t
peak Kerr rotations inRFe2 decrease with increasing 4f
electron count and the absolute magnitude of the peak K
rotation of TbFe2 is two times larger than that of HoFe2.
Their measurements are contrary to the fact that the MO
has a linear dependence on the strength of the spin-o
interaction when other physical parameters are fixed.15 The
spin-orbit splittingDso increases as the number of 4f elec-
trons increases in rare earths.32 Therefore the spin-orbit in-
teraction of 4f states of Ho in HoFe2 is larger than that of Tb
in TbFe2. Thus we expect MOKE to be larger in HoFe2 than
in TbFe2. As shown in Fig. 4, the magnitude of the peak
s2xy of HoFe2 is larger than that of TbFe2. The magnitude of
the Kerr rotation of HoFe2 measured at 295 K in 0.5 T is
similar to that of TbFe2 shown in Fig. 2, unlike the measure
ment of Katayama. The difference may arise because
differences between polycrystalline and single-crys
samples. It is clear that MOKE measurements are better
ried out using single-crystalline specimens.
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